Mucosal blood supply in the rat small intestine was studied by the injection replica scanning electron microscope method.
Summary.
Mucosal blood supply in the rat small intestine was studied by the injection replica scanning electron microscope method.
The blood vascular plexus in the villus is originated at the tip of the villus and con-MALL in the villous microcirculation. The capillary plexus in the crypt is derived at the base of the crypt and converged near the base of the crypt.
The capillary plexuses in the villus and the crypt communicate with each other. It is considered that the basal segment of the villus, where the arterial termination is lacking, is supplied by the cryptal capillaries via this communication.
Vascular architecture in the intestinal mucosa has been studied by many authors in man (SPANNER, 1932; JACOBSON and NOER, 1952) , monkey (REYNOLDS et al., 1967) , dog (REYNOLDS et al., 1972) , rat (SPANNER, 1932; MOHIUDDIN, 1966) , pig (BELLAMY et al., 1973) and other animals. However, owing to the limited or unpersuasive demonstration by the previous light microscope methods using injected sections (JACOBSON and NOER, 1952; NYLANDER and OLERUD, 1961; BELLAMY et al., 1973) , falgog specimens (MOHIUDDIN, 1966) or insufficiently casted samples (REYNOLDS et al., 1967 (REYNOLDS et al., , 1972 , its details, especially the villous microcirculation, are conflicting. As noted by JACOBSON and NOER (1952) , the previous descriptions can be classified into three categories.
(1) The afferent and efferent vein extend from the base to the tip of the villus and form a ladder-like capillary plexus between them (step-ladder concept, HENLE) (JACOBSON and NOER, 1952) . (2) The afferent artery, after reaching the tip of the villus, gives rise to the capillaries which are collected at the base of the villus into the efferent vein (fountain pattern, MALL) (MOHIUDDIN, 1966; BELLAMY et al., 1973) . (3) The afferent artery continues at the base of the villus into a tuft of capillaries which converge near the tip of the villus into the efferent vein (tuft view, STOEHR) (REYNOLDS et al., 1967 (REYNOLDS et al., , 1972 . This paper will challenge this controversy of the mucosal microcirculation in the small intestine by utilizing the recently established method, which consists of plastic casting and scanning electron microscopy and is useful for three-dimensional visualization of the fine vascular arrangements or connections (MURAKAMI, 1971 ).
Materials and Methods
Adult Donryu rats were used. After thorough irrigation with Ringer solution, they were injected with semipolymerized methyl methacrylate through the thoracic aorta and intestinal blood vascular replicas, whose arterial branches were colored with Sudan III. (For technical details see: MURAKAMI et al., 1973) .
The replicas were then dissected under a binocular and observed, after coating with gold in a vacuum evaporater, under a scanning electron microscope (JSM U-3) using an acceleration voltage of 5kV.
Results
Our low viscosity methyl methacrylate injection technique completely reproduced the whole blood vascular beds of the intestine.
Arterial branches reddened with Sudan III were easily discriminated from the non-colored venous ones. And the dissections under the binocular afforded the exposure of the vessels of interest and also enabled the precise analysis of their fine distributions under the scanning electron microscope. This series of combined techniques, which we call the injection replica The capillary bed of the tunica muscularis is divided into two layers (Fig. 1) . The outer layer supplying the outer longitudinal muscles consists of capillaries along the long axis of the intestine, while the inner layer supplying the circular muscles is composed of paraxially arranged capillaries.
The two layers are supplied by the common trunks from the arterial network in the submucosa and drained via the common passage into the venous network in the submucosa.
The capillary bed in the mucosa is completely isolated from that of the tunica muscularis and is also supplied independently by the arterial and venous networks in the submucosa (Fig. 2) .
The cryptal plexus of the mucosal capillary bed consists of a fine network. The capillaries in the border area enfacing the submucosa show islanded distributions (Fig. 2) , while the remaining ones circulating the crypts are rather randomly arranged (Fig. 6-8 ). This cryptal plexus receives the arteries from the arterial network in Fig. 3 . Methyl methacrylate vascular casts of the intestine of a rat seen under the scanning electron microscope, capillary networks of the villi forming leaf-like projections. VC villous capil-the submucosa (Fig. 2) and emits venous twigs near the base of the crypts (Fig. 6 ) (see below). The villous plexus of the mucosal capillary bed is observed as a leaf-like protrusion of the cryptal plexus (Fig. 3) . The villous plexus is dense but gradually becomes fine as the villus is followed to its base, to communicate with the cryptal plexus (Fig. 5, 7, 8) . The villous plexus is always derived at the tip of the villus from the artery, which independently and isolatedly originates in the arterial network in the submucosa and ascends, without any twig to the cryptal plexus, along the axis of the villus (Fig. 4, 5, 7, 8) . The villous afferent artery thus reaching the tip of the villus bifurcates at the tip of the villus, and each of its end-terminals runs on either apical margin of the villus and supplies the leaf-like basket of the villous capillary network (Fig. 4, 5, 7, 8) . Occasionally, the villous afferent artery in the lower intestine shows The broad villus, which usually occurs in the upper duodenum, constantly has paired afferent arteries; each of the paired arteries arises separately in the submucosa, extends on either side of the villus, and bifurcates at the tip of the villus.
The villous capillaries converge at various levels and in various forms throughout the villus from the tip to the base of the villus and confluence near the base of the villus into the paired efferent veins, which descend along the lateral sides of the villus and continue, after receiving the cryptal venous twigs (see above), into the venous network in the submucosa. This pattern of drainage is typically observed in the upper intestine including the duodenum.
In the broad villus with paired afferent arteries (see above), three efferent veins are noticed, two of which descend along the lateral sides of the pairied arteries, the remaining one running between the arteries. In the lower intestine, especially in the ileum, the drainage is somewhat different, where the villous capillaries are collected into three or more venules which join at the base of the villus and form a common trunk (Fig. 7) . The common trunk also The cryptal and villous plexuses, as described above, communicate with each other (Fig. 8) . It is usual that the main capillaries originating in the islanded area in the cryptal plexus directly terminate, without converging into the cryptal efferent venules, in the basal segment of the villus plexus.
Discussion
The present scanning electron microscope findings of vascular casts indicate that the blood vascular beds of the mucosa and the tunica muscularis in the small intestine are isolatedly supplied.
Between the mucosa and the tunica muscularis and also outside the latter tunica no capillary plexus was noticed. This will suggest that the submucosa and the subserosa have no proper blood supply. The present scanning electron microscopy unequivocally demonstrates that the capillary plexus in the villus is derived at the tip of the villus and confluenced near the base of the villus. Thus, our findings strongly strengthen, together with SPANNER (1932), MOHIUDDIN (1966) and BELLAMY (1973) who studied the rat and the pig, the classical view of the "fountain" of MALL (1887) (cited by JACOBSON and NOER, 1952) in the villous microcirculation.
The tuft and step-ladder concepts (see above), which many authors have been accepted in man, monkey and other animals including the rat (JACOBSON and NOER, 1952; REYNOLDS et al., 1967 REYNOLDS et al., , 1972 and others) , is never supported.
The present observations also unequivocally demonstrate that the main capillaries of the cryptal plexus continue into the villous plexus. This communication may be of value as a collateral circulation to supply the base of the villus where the arterial termination is lacking. Main capillaries from the islanded area to the base of the villus (single arrow).
Some authors described the occurrence of arterio-venous anastomoses between the afferent artery and the efferent vein in the villus (see: NYLANDER and OLERUD, 1961) , which could not be demonstrated in the present study.
No arterio-venous anastomosis was also noticed in the cryptal plexus, nor between the submucosal networks, nor in the tunica muscularis.
Since IVY and his associates (1944) , it is well known that the intestine produces hormones such as secretin and cholecystokinin regulating the secretory activity of the pancreas and the contraction of the gallbladder and these hormones are produced by the so-called basal-granulated cells in the mucosa. Moreover, FUJITA and his associates recently showed that the entero-chromaffin cells profusely release their secretory granules when diarrhea is induced by intraduodenal administration with glucose and cholera-toxin (FUJITA et al., 1974) . These circumstances evidence that the alimentary tract and its associated organs are greatly incorporated under the Fig. 8 . Three or more efferent veins in the villus of the lower intestine forming a common trunk humoral control, and increase a new interest in the circulatory patterns of these organs (GEP-system, FUJITA et al., 1973) . FUJITA and his co-workers, who studies the monkey pancreas and liver by the injection replica scanning electron microscope method used here, clearly demonstrated the portal circulation from the Langerhans island to the pancreas exocrine acinus (insulo-acinar portal system, FUJITA and MURA-KAMI, 1973). Such portal circulation was not noticed in the small intestine except that the cryptal capillaries supply the base of the villus (see above). This last finding may be worthwhile to be noticed as the basal-granulated cells are condensed at the cryptal bottom and their hormones may be efficiently transported by the capillaries up along the cryptal wall to the villous base and to exert their actions, as local hormones, on the cells of those sites. Fig. 9 . A cut form of the vascular cast of the rat small intestine (jejunum). View from the inner side. Note that the crypts (C) are commonly supplied by thin layers of relatively coarse capillary beds (c). IV the basal segment of the villus, a villous afferent arteriole, v villous efferent venule. A and V arterial and venous branches in the submucosa, C capillary networks surrounding the crypts, I paraxially arranged capillary plexus supplying the circular muscle layer, L islanded capillary beds supplying the lower border of mucosa, O axially distributed plexus in the longitudinal muscle layer, IV villous capillary beds, a afferent arterioles of the villous capillary beds, v efferent venules of the villous beds.
